A thin porous ceramic membranemade by a method quite similar to that proposed previously2] was used for gasphase separation of alcohol/water gaseous mixtures (methanol/water, ethanol/water and isopropanol/water systems) at their normal boiling points. The results show that this kind of ceramic membrane is quite efficient for bypassing the azeotropic point in alcohol/water separation and also for further enrichment of alcohols. The separation factor observed for these systems was larger than 5.
Introduction
Membrane separation utilizes the differences in transfer and equilibrium properties of species to be separated through and in the pores of the membrane, while the usual separation processes such as adsorption, distillation and extraction are principally based on the differences in thermodynamic equilibrium characteristics. Because of the attractive features of membraneseparation, manystudies have been made of various kinds of membranes, most of which are organic polymer membranes. Someelaborate reviews on membraneseparation are given by Stannett, 10) Stern and Frisch,n) Lonsdale,7) Paul and Morel9) and Matson et al.8) Recently, membraneseparation of gases has come to attract much attention from the viewpoint of energy conservation in industrial separation processes. Porous and non-porous membraneshave been used for gas separations. The mechanisms of gas permeation through non-porous organic membranes have been reviewed by some workers.3>n) The separation mechanisms of gases by porous solid membranes can be conventionally classified into four types1} as shown in Fig. 1: (1) Knudsen diffusion, (2) surface diffusion, (3) capillary condensation with liquid flow and (4) molecular sieving. It is well known that the application of Knudsendiffusion to separation processes is quite limited to systems of large molecular weight ratios so long as the permeability ratio is inversely proportional to the square root of the molecular weight ratio. Surface diffusion is a mechanism in which the molecules adsorbed on the pore wall diffuse on the surface due to the con- ceramic membranes(compacted silica-alumina membrane^porous glass,5) anodic alumina membrane6)) have been proposed for gas separation by the Knudsen diffusion mechanism (1) due to their relatively large pore size (>4nm). The authors previously proposed a new method2) to provide a silicaalumina membrane for gas separation by mechanism (3) in Fig. 1 .
In this work is used a thin ceramic membraneof silica-alumina supported by a coarse, porous cylindrical substrate in order to separate water/alcohol mixtures in the gaseous phase by mechanisms (3) and (4) mentioned above.
1. Ceramic Membrane for Gas Separation 1.1 Preparation of membrane A thin ceramic membrane cannot be used alone for practical separation because of its fragility. In this work, therefore, is used a cylindrical substrate of coarse porous ceramic (0.010m in diameter, 0.001 m in thickness and 0.15m in length) which has a high porosity (about 50%) and an average pore diameter of 1 /mi. Near the surface of such porous substrate was formed a thin membraneusing alumina sol prepared by hydrolysing aluminum isopropoxide at about 80°C with quite small amount ofnitric acid. A thin alumina membraneof which the pore diameter is about a few tens of nm was formed by soaking the sol, drying it at about 80°C and firing it at about 450°C. The same chemical agent (aluminum isopropoxide) was used to make the pore diameter still smaller and then the membranewas treated with dilute solution of sodium silicate (a few wt% aqueous solution). It was finally kept in humid air at about 90°C for a few days (half day-4 days), and then it was washed in boiling water for about two hours. These procedures are quite similar to those given in the previous work2) except for the final treatment.
Characteristics of membrane
Photographs of the membranemodule are shown in Fig. 2 . Photograph (a) shows the entire module. A thin white layer of the fine porous part of the membrane is observed near the outer surface of the coarse porous cylindrical substrate in photograph (b). The thickness of the thin fine layer of the membrane is estimated from photograph (c) to be about 10/im. The adsorption isotherms of nitrogen measured for the thin shell of the membraneafter scraping off the relatively soft substrate give the pore size distribution shown in Fig. 3 , which has a peak at around 3nm pore diameter. In the same figure is also shown the pore size distribution of the original membranesubstrate obtained by mercury porosimetry. In the dehumidification tests described in the previous work2) the leakage of air was quite small, less than 2mol-m~2-h~1 at 25°C and 50°/ relative humidity, while the flux of water vapour was about lSmol-m"2^"1. These results give a permeability ratio (water/air) of about 460, which shows that the separation mechanism is capillary condensation with liquid flow, as described in the previous work. According to the results described in the following sections, most of the pores are considered to have constrictions of diameters far less than 3nm, as described in the sketch in Fig. 3 . The pore size of the constrictions cannot be adequately obtained from the nitrogen adsorption isotherm because of the probably quite small volume of the constrictions.
The larger pores on both sides of the constriction mainly contribute to the observed pore distribution shown in the figure. In showsthat the pore diameter is around a few tens of nm.In the final membrane Knudsen flow can be assumed to prevail despite a small deviation from the horizontal near atmospheric pressure, which is probably due to the pore structure shown schematically in Fig. 3 . The broken lines in Fig. 4 show estimated permeabilities for hydrogen, nitrogen and propylene assuming that helium is non-adsorptive and that its flow mechanism is completely in the Knudsen region. The observed permeabilities for H2 and N2 are a little larger than the estimated values, which is probably due to surface diffusion.
The observed result for propylene is about 10 times larger than the estimated value, even larger than the value observed for H2, which suggests a difficulty in separation of propylene from propylene/hydrogen mixture by this kind of membrane if each component should flow independently with the permeability shown in this figure.
Experimental Apparatus and Procedure
A schematic diagram of the experimental apparatus for separation of water/alcohol mixtures is shownin cylindrical membrane module at a linear speed above 1.5m/s. The gas mixture after the test section was totally condensed in the condenser and returned to the still. The inside of the module (downstream) was evacuated before the measurements. After closing a cock C2 the permeated gases were collected by the cold trap cooled by liquid nitrogen (-195.8°C) or by cooling water at temperature 0°C or 20°C. The concentrations of the vapourstream aroundthe membrane and of the permeated gases were determined by gas chromatography. All the measurements were performed at the saturated temperatures of water/ alcohol mixtures at atmospheric pressure. The water/ alcohol mixtures used for separation were water/ methanol, water/ethanol and water/isopropanol.
Results and Discussion
In Fig. 6 are shown some observed fluxes and concentrations of permeated gases obtained at various ethanol concentrations in the upstream (or the stream outside the membrane)for the water/ethanol gaseous system. The cold trap temperature was kept at -195.8°C for this case. Four kinds of membranes which differ in the times for the final treatments with humid air at above 90°C (membrane module A: 1/2 day; module B: 1 day; module C: 2 days; module D: 4 days) were used for the measurements. Considering that the vapour mixture streaming outside the membrane condenses partially in the fine pores of the membrane and migrates through the membraneto the inner surface where it evaporates again,2) the observed results can be compared with the vapour-liquid equilibrium curve of the system. Separation by this kind of the membraneseems much more efficient than that by distillation in the region of higher ethanol concentration (above about 60mol%) in the upstream. It can also be seen that with membranes of this kind the azeotropic point can be bypassed and that better separation is obtained with the membrane Fig. 6 . Observed results for separation of water/ethanol system by some membranemodules. In Figs. 8 and 9 are shown some observed results for methanol/water and isopropanol/water systems, respectively. The discussion above also applies to these systems. Comparing the fluxes of alcohols shown in Figs. 7, 8 and 9, the alcohol flux can be seen to decrease as a whole with increasing molecular weight. As a result, separation becomes more efficient for alcohols of larger molecular weight in water/ alcohol mixtures. This can be seen more clearly in Fig.  10 , where the separation factor, a, defined by the equation below, is shown against alcohol concentration in the upstream.
where y is the mol fraction of water in the upstream and x is that in the downstream. It can be seen that the separation factor increases with increasing molecular weight of alcohol. The smaller separation factor at higher alcohol concentration in the upstream can be considered due to probable larger holes still left in the membrane. Considering these relatively large separation factors for alcohol/water separation, the average diameter of the pores (or the constrictions of the pores) in the membraneshould not be so large as the one shown in Fig. 3 but can be less than about 1 nmso long as the molecular sizes ofalcohols are less than several Angstroms. results for a membraneseparator for the isopropanol/ water system. One thousand kgs per hour of50mol% isopropanol/water mixture is assumed to be fed to a membraneseparator equipped with a bank of module D to raise the isopropanol concentration to 98 mol%. The required membranearea is calculated to be about 400m2 and the yield of isopropanol is about 80%.
C onclusions
Separation experiments for water/alcohol (methanol, ethanol and isopropanol) gaseous mixtures were performed with a thin porous silica-alumina membranesupported on coarse porous ceramic cylin- ders to obtain the following results: 1) The thin ceramic membrane of silica-alumina was found to be improved by keeping it in air saturated with water vapour at around 90°C for a few days after treatment with sodium-silicate solution.
2) The azeotropic points of water/ethanol and water/isopropanol were found to be bypassed in the separation process with this kind of ceramic membrane.
3) The permeabilities of molecules of larger molecular weights in the ceramic membranewere found to be smaller than those of smaller molecular weights.
4) The trap temperature, important in removing the permeated gases by condensation, was raised to 20°C, which was found to be still usable for bypassing the azeotropic point and for further enrichment of alcohol.
5) The separation factors for the water/alcohol systems were relatively large, larger than 5 for methanol/water mixture, larger than 8 for ethanol/ water and 10 for isopropanol/water at least. 
